Besides its substantial role in eye lens, αB-crystallin (HSPB5) retains fundamental function in striated muscle during physiological or pathological modifications. In this study, we aimed to analyse the cellular and molecular factors driving the functional response of HSPB5 protein in different muscles from mice subjected to an acute bout of non-damaging endurance exercise or in C2C12 myocytes upon exposure to pro-oxidant environment, chosen as "in vivo" and "in vitro" models of a physiological stressing conditions, respectively.
Besides its substantial role in eye lens, αB-crystallin (HSPB5) retains fundamental function in striated muscle during physiological or pathological modifications. In this study, we aimed to analyse the cellular and molecular factors driving the functional response of HSPB5 protein in different muscles from mice subjected to an acute bout of non-damaging endurance exercise or in C2C12 myocytes upon exposure to pro-oxidant environment, chosen as "in vivo" and "in vitro" models of a physiological stressing conditions, respectively.
To this end, red (GR) and white gastrocnemius (GW), as sources of slow-oxidative and fast-glycolytic/oxidative fibers, as well as the soleus (SOL), mainly composed of slow-oxidative type fibers, were obtained from BALB/c mice, before (CTRL) and at different times (0′, 15′, 30′ 120′) following 1-h of running. Although the total level of HSPB5 protein was not affected by exercise, we found a significantly increase of phosphorylated HSPB5 (p-HSPB5) only in GR and SOL skeletal muscle with a higher amount of type I and IIA/X myofibers. The fiberspecific activation of HSPB5 was correlated to its interaction with the actin filaments, as well as to an increased level of lipid peroxidation and carbonylated proteins. The role of the pro-oxidant environment in HSPB5 response was investigated in terminally differentiated C2C12 myotubes, where most of HSPB5/pHSPB5 pool was present in the cytosolic compartment in standard culture conditions. As a result of exposure to pro-oxidizing, but not cytotoxic, H 2 O 2 concentration, the p-38MAPK-mediated phosphorylation of HSPB5 resulted functional to promote its interaction with the myofibrillar components, such as β-actin, desmin and filamin 1.
This study provides novel information on the molecular pathway underlying the HSPB5 physiological function in skeletal muscle, confirming the contribution of the pro-oxidant environment in HSPB5 activation and interaction with substrate/client myofibrillar proteins, offering new insights for the study of myofibrillar myopathies and cardiomyopathies.
Introduction
In mammals, the family of small Heat Shock Proteins (sHSPs) represents a class of ATP-independent chaperones able to trap misfolded proteins through a so-called "holdase" activity and therefore avoiding their aggregation [1] . sHSPs family displays different functions depending on tissue, intracellular localization, developmental expression as well as the level of the induction and protein targets. Among sHSPs, the most prominent and well-studied member of the family is αBcrystallin (HSPB5), a protein playing a critical role in the modulation of several cellular processes related to survival and stress recovery, such as protein degradation, cytoskeletal stabilization, and apoptosis [2, 3] .
In the past, numerous studies have shown the important function of this protein in striated muscle during physiological or pathological changes [4] [5] [6] [7] [8] [9] [10] [11] . In adult mammalian skeletal muscle, HSPB5 is constitutively expressed, with higher levels in the slow-twitch fibers than in the fast-twitch ones [12] . Experimental data suggest that this sHSP protects mammalian skeletal muscle from heat, oxidative stress, and mechanical stresses produced during middle age and senescence or by physical activity [5, [13] [14] [15] [16] [17] [18] functions is highlighted in a number of known disorders where HspB5 gene is mutated or overexpressed [19] .
It is widely accepted that, depending upon type, intensity, frequency and duration, exercise leads to modulation of activity and/or expression of sHSPs, including HSPB5, in mammalian skeletal muscle [20] , and that this response is also associated with age, sex and training status [21] .
Exercise-induced changes in HSPB5 seem to have multiple cytoprotective effects on subcellular components [18, [22] [23] [24] , inhibitory effects on apoptosis [25] , as well as a role in the maintenance of enzymatic activity [16] , insulin sensitivity and glucose transport [26, 27] .
Despite the presence of various studies, most of the data focus on single regulatory aspect related to HSPB5 response, mainly by eccentric exercise [21, 23, 28, 29] , while the molecular mechanism underlining the HSPB5 modulation induced in mammalian skeletal muscle by physiological, not damaging contraction, remains poorly characterized [22, 30] .
In the present study, we investigated for the first time different aspects related to HSPB5 regulation in mammalian skeletal muscle after a single bout of non-damaging endurance exercise. Our analysis included expression profile, post-translational modification (i.e. phosphorylation at serine-59), intracellular localization and interaction with substrates and possible client proteins in mouse skeletal muscles also considering the differences in fiber composition. Specifically, we examined at rest and following acute endurance exercise the similarities and differences of HSPB5 modulation by comparing different areas of Gastrocnemius muscle with different metabolic properties such as 1) the red gastrocnemius (GR), a region of gastrocnemius close to others hindlimb posterior muscles (i.e. plantaris and soleus) with a higher amount of fast twitch oxidative type IIA/X fibers; 2) the white gastrocnemius (GW), the outermost portion of the gastrocnemius with an exclusive prevalence of fast twitch glycolytic type IIB fibers; 3) the soleus (SOL) as reference red muscle, because it has mechanical properties similar to gastrocnemius and it is predominantly formed by slow and fast twitch oxidative type fibers. Moreover, to verify the mechanism by which exercise modulates HSPB5, we utilized as in vitro model of skeletal muscle C2C12 myocytes exposed to nontoxic H 2 O 2 concentration. ). An average of 400 fibers was analysed for each mouse. The percentage of the fibers was shown as histogram. (C) qRT-PCR analysis of MyHC genes levels. The exploded doughnut shows the percentage of MyHC isoforms expression in SOL, GR, GW and GS. Bar of each histogram shows the MyHC isoforms gene expression levels normalized for the reference gene (2 −ΔCT ). Intermediate hybrid fibers were not taken into consideration in these analyses because of their limited number. Data are presented as means ± SD. Statistical significance was determined using a one-way ANOVA with Bonferroni's post-hoc test. Φ p < 0.01 vs. all MyHC isoforms; Ψ p < 0.01 vs. MHC-IIX and MHC-IIB; **p < 0.01 vs. all other tissues; $ p < 0.05 vs. GW and GS; §p < 0.01 vs. SOL. SO, Slow Oxidative fibers; FOG, Fast Oxidative-Glycolytic fibers; GR, Gastrocnemius red; GW, Gastrocnemius white; SOL, Soleus; GS, Whole Gastrocnemius.
Materials and methods

Animals and animal care
Twenty young (7-weeks old) healthy male mice (BALB/c AnNHsd), obtained from Harlan Laboratories (Udine, Italy), were maintained in a 12-h light-dark cycle with free access to food and water. After 1 week of acclimatization to the new housing environment, the mice were familiarized with the Rota-Rod (Rota-Rod; Ugo Basile, Biological Research Apparatus, Comerio Varese, Italy), running 2 days per 10 min. After 1 week, mice were randomly assigned to one of the two experimental groups: control (CTRL) or exercise (EX). The EX mice underwent to an acute bout of endurance exercise, while CTRL mice did not perform any type of exercise. All animal experiments were approved by the Committee on the Ethics of Animal Experiments of the University of Palermo and adhered to the recommendations in the Guide for the Care and Use of Laboratory Animals by the USA National Institute of Health (NIH). All experiments were performed in the Human Physiology Laboratory of the Department of Experimental Biomedicine and Clinical Neurosciences of the University of Palermo, which was formally authorized by the Italian Ministry of Health (Roma, Italy). Experiments conducted before the entry into force of the Decree Law n. 26/2014, in application of the European Directive 2010/63/Eu.
Single bout of endurance exercise
A motorized Rota-Rod system was used to train the mice. The Rota-Rod is a rotating cylinder on which the mice are forced to run to avoid falling down [31, 32] . The exercise (EX) mice ran for 60 min at a speed of 5.5 m/min. Mice were sacrificed immediately, 15, 30 and 120 min after the end of the acute bout of endurance exercise (0′, 15′, 30′ and 120′). Mice were sacrificed by cervical dislocation and the group of posterior muscles (gastrocnemius and soleus) of the hindlimbs was dissected and preserved in liquid nitrogen (right hindlimb) and embedded in paraffin (left hindlimb) to evaluate the morphological and molecular changes.
Muscle dissection
The soleus and plantaris muscles were easily removed pulling the proximal insertions and sectioning the calcaneal tendon. In this study the plantaris muscle was not analysed. There after the white and the red portion of gastrocnemius muscle were separated under microscope according to the muscle color. The red portion (derived from the deep part gastrocnemius muscle) and white portion (derived from the superficial part of gastrocnemius muscle) have different proportion of red (slow-oxidative) and with fibers (fast-glycolytic). The histological differences between the two portions of gastrocnemius muscle have been confirmed previously by our group [33] , and further investigated here ( Fig. 1 ). The specimens were immediately cooled in liquid nitrogen and stored at −80°C for subsequent analyses.
Immunohistochemistry
Muscles were fixed in a solution of acetone, methanol, and water (2:2:1) for 12 h, washed in tap water and dehydrated with ethanol at 70, 96, 100% v/v. After dehydration, the tissue pieces were placed in xylol for 1.5 h and embedded into paraffin. The embedded muscles were sliced into sections (5 μm) that were mounted on glass slides. For immunohistochemical analysis, the serial sections were incubated in an "antigen unmasking solution" (10 mM tri-sodium citrate, 0.05% Tween-20) for 10 min at 75°C. Then, the MACH1 kit (M1u539 g, Biocare, Concord, CA, USA) was used according to the manufacturer's instructions. The sections were incubated in primary antibodies, including anti-myosin heavy chain-I (MHC-I, A4951, Hybridoma Bank, Iowa, IA, USA), anti-myosin heavy chain-IIa/IIx (MHC-IIa/IIx, A4.74, Hybridoma Bank, Iowa, IA, USA) or anti-myosin heavy chain-IIb (MHC-IIb, BF-F3, Hybridoma Bank, Iowa, IA, USA), in a humidified chamber overnight at 4°C. The following day, the sections were incubated for 1 h with the secondary antibody and polymers as previously described [34] . Finally, the slides were cover-slipped, and images were captured with a Leica DM5000 upright microscope (Leica Microsystems, Heidelberg, Germany). By examining serial cross-sections stained for MHC-I and MHC-IIA/X, it was also possible to identify type IIB fibers because of the negative staining.
Immunofluorescence and confocal analysis
For immunofluorescence, deparaffinized sections were incubated in the "antigen unmasking solution" (10 mM tri-sodium citrate, 0.05% Tween-20) for 10 min at 75°C, and treated with a blocking solution (3% BSA in PBS) for 30 min. Next, the primary antibody (anti-MHC-I, mouse monoclonal A4.951, Hybridoma Bank; anti-phospho αB-crystallin S59, rabbit polyclonal ab5577, Abcam; anti-β-actin, rabbit polyclonal ab8227, Abcam) diluted 1:50, was applied, and the sections were incubated in a humidified chamber overnight at 4°C. Then, the sections were incubated for 1 h at room temperature with a conjugated secondary antibody (anti-rabbit IgG-FITC antibody produced in goat, F0382, Sigma-Aldrich; anti-mouse IgG-TRITC antibody produced in goat, T5393, Sigma-Aldrich). Nuclei were stained with Hoechst Stain Solution (1:1,000, Hoechst 33258, Sigma-Aldrich). The slides were treated with PermaFluor Mountant (Thermo Fisher Scientific) and cover slipped. The images were captured using a Leica Confocal Microscope TCS SP8 (Leica Microsystems). Staining intensity for phospho-αB-crystallin of different skeletal muscle fibers was expressed as the mean pixel intensity (PI) normalized to the CSA (cross-sectional area expressed in pixel) using the software Leica application suite advanced fluorescence software as previously described [35] .
Cell culture and treatments
C2C12 mouse myoblasts from ATCC (Manassas, VA) were maintained in Dulbecco's Modified Eagle's Medium (DMEM)/high glucose (Gibco) supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 100 U/mL penicillin/streptomycin (Sigma-Aldrich). Cells were seeded in the growth media and maintained at 37°C until they achieved 70-80% confluence. Differentiation of myoblasts into myotubes was obtained by replacing growth media with DMEM/high glucose supplemented with 2% FBS and 100U/mL penicillin/streptomycin for 6 days. Cells were grown in a humidified 37°C incubator (Galaxy S, RSBiotech) with 5% supplemental CO 2 and media were routinely replaced every 2 days. Unless otherwise stated, all experiments were performed using three replicates per treatment.
After 6 days in differentiating medium, myotubes were untreated, treated with hydrogen peroxide for 1 h (H 2 O 2 500 μM) alone or in combination with p38MAPK inhibitors (10 μM SB203580 and 10 μM SB239063) (Sigma Aldrich). Inhibitors were added to culture media 1 h before the beginning of H 2 O 2 treatment and maintained for whole culture duration. After the treatment, cells were collected immediately (0 h point) or left in fresh culture medium for different recovery periods (3 h, 6 h, 9 h, and 12 h) before collection. To induce cytoskeletal damage, C2C12 myotubes were incubated with 5 μM Cytochalasin D (Sigma Aldrich) for 1 h and then harvested immediately for biochemical analysis.
Co-immunoprecipitation analysis
C2C12 cells were washed with ice-cold PBS and lysed for 30 min in NP40 lysis buffer (0.5% NP40, 50 mM Tris-HCl, pH 8, 150 mM NaCl, 10% Glycerol) containing protease and phosphatase inhibitor cocktails (Sigma-Aldrich). After centrifugation at 21,500 g for 10 min, the supernatants were subjected to immunoprecipitation.
Firstly, 750 μg of proteins were precleared with 30 μl of Protein G PLUS-Agarose (sc-2002, Santa Cruz) and then the lysate was incubated at +4°C overnight with 2 μg of primary antibody directed against HSPB5 or phospho-MAPAPK-2 (Thr334). The protein/antibody complexes were then incubated at +4°C with 40 μl of Protein G PLUS-Agarose (Santa Cruz) for 3 h. Co-immunoprecipitated proteins were subjected to SDS-PAGE analysis, followed by Silver staining gel (SERVA) or western blotting with the indicated antibodies.
Immuno cytofluorescence
C2C12 cells were fixed with 4% paraformaldehyde/PBS, permeabilized with 1% Triton X-100/TBS for 10 min and washed twice in TBS 1x for 5min.Then samples were blocked in TBS containing 3% BSA for 45min and treated over-night with the following primary antibodies: anti-αBcrystallin (HSPB5), anti-phospho-αBcrystallin (S59) (p-HSPB5), diluted 1:100 in TBS containing 0.1% Triton X-100 and BSA 0.1%. Following 3 washes in TBS 1x for 5min, the samples were incubated for 1 h in the dark with the secondary antibodies: Alexa Fluor 488-conjugated donkey anti-goat IgG (Invitrogen) and Alexa Fluor 546-conjugated goat anti-rabbit IgG (Invitrogen), diluted at 1:200. Nuclei were stained with Dapi (Sigma Aldrich). The fluorescent images were captured with a fluorescence microscope (Olympus BX41 microscope, Olympus), which was equipped with a 20× and 40× objectives and corrected for brightness and contrast using conventional software (X-Pro Alexasoft.com 8.03.00).
Protein extraction and immunoblot analysis
Cells and tissue samples were lysed in RIPA buffer (150 mM NaCl, 50 mM tris-HCl pH8, 1 mM EDTA, 1%NP40, 0.25% sodium deoxycholate, 0.1% SDS), supplemented with protease and phosphatase inhibitor cocktails (Sigma-Aldrich). The determination of protein concentration was measured by colorimetric assay using the BCA protein assay kit (Sigma-Aldrich).
For the immunoblot analysis, an equal amount of proteins (20-30 μg) was resolved in SDS-polyacrylamide gels (10-12%) (BioRad) and transferred onto PVDF membranes (Amersham). Saturated membranes with 5% non-fat dry milk in PBS-Tween (0,01%) were incubated over-night with specific primary antibodies. The immunoreactive protein bands were detected by incubation with horseradish peroxidase-conjugated secondary goat anti rabbit (Millipore) or goat anti mouse (Sigma-Aldrich) antibodies. The Western blot images were acquired on an ImageQuant LAS 4000 (GEHC) and quantified by ImageJ 1.50 h software (National Institute of Health, USA http:// imagej.nih.gov/ij). The list of primary antibodies utilized is reported in the Supplementary Table 1 .
Extraction of insoluble and soluble protein pools
To estimate protein partitioning between Triton-soluble (cytosolic) and Triton-insoluble (myofibrillar) fractions of C2C12 cells, a six-well of cultures of differentiated myotubes was washed twice in ice-cold PBS (1 mL) and then scraped in 500 μL. Cells were centrifuged at 12000×g for 10 min at +4°C and the pellet was lysed in 100 μL detergentsoluble fraction (DSF) buffer containing 10 mM Tris-HCl (pH 7.5), 1% Triton X-100, 5 mM EDTA and supplemented with protease and phosphatase inhibitors cocktail (Sigma). Insoluble material was recovered by a centrifugation at 16000g for 15′ at 4°C. The supernatant (soluble fraction) was collected in new tubes, while the pellet, was then washed with supplemented DSF buffer and centrifuged at 16000 g for 15′ at 4°C. The insoluble materials represented by pellets were resuspended in 50 μl detergent-insoluble fraction (DIF) buffer enclosing 10 mM Tris-HCl (pH 7.5), 1% SDS and supplemented with protease and phosphatase inhibitors cocktail (Sigma), incubated for 15 min at room temperature and for 2 min on ice, and sonicated once at 50% amplitude for 10 sec on ice (Vibra-Cell, Sonics & Materials). Equal amounts of each fraction were heated for 5 min at 95°C in 4 × Laemmli Sample Buffer and analysed by SDS-PAGE.
RNA extraction and RT-qPCR analysis
Total RNA was obtained from muscle tissues or cells using TRIZOL (Invitrogen) according to the manufacturer's procedure. Real-time quantitative RT-PCR was performed on a 7500 Real Time PCR System (Applied Biosystems, Life Technologies). Each 20 μL reaction mixture contained 10 μL of Power SYBR Green RNA-to Ct 1stepMaster mix (2✕) (Life Technologies), 10 pmol of specific primer sets, 0.16 μL RT Enzyme Mix (Life Technologies), 10-15 ng of RNA samples. The RT-PCR amplification profile was as follows: RT step at 48°C for 30 min, followed by enzyme activation at 95°C for 10 min, and then 40 cycles of denaturation at 95°C for 15 s and annealing/extension at 60°C for 1 min. All samples were run in triplicate. The normalization was done utilizing GAPDH or Cyclophilin A as appropriate. A threshold cycle (C T ) was observed in the exponential phase of amplification, and quantification of relative expression levels was performed with standard curves for target genes and the endogenous control. Geometric means were used to calculate the ΔΔC T (delta-delta C T ) values and expressed as 2 −ΔΔCT . The value of each control sample was set at 1 and was used to calculate the fold-change of target genes. The list of primers utilized is reported in Supplementary Table 2 .
Protein carbonylation analysis
Detection of protein oxidation in muscle lysate and cell culture was performed using the Oxyblot Protein Oxidation Detection Analysis Kit (Millipore, Milano, Italy) according to the manufacturer's protocol. Carbonylated proteins were then resolved on 12% SDS-PAGE and transferred onto a Hybond ECL nitrocellulose membrane (Amersham). Relative intensities of the protein bands were digitally quantified (ImageJ 1.50 h).
Statistical analyses
All data are presented as group mean ± standard deviation of the mean and analysed by one-way ANOVA with Bonferroni's post-hoc test or Student's t-test as appropriate. GraphPad Prism ® 5.0a (La Jolla, CA, USA) was used for all statistical analyses, with significant differences determined by p < 0.05.
Results
Fiber-types composition analysis of hindlimb skeletal muscle of BALB/c mice
Immunohistochemistry of myosin heavy chains (MHC-I and MHC-IIA/IIX) was performed on serial cross-sections to evaluate the exact fiber composition of each muscle sample ( Fig. 1 ). By overlapping serial cross sections of the same sample stained for MHC-I and MHC-IIA/X, it was also possible to identify type IIB fibers because of the negative staining. In particular, MHC-IIA was the isoform more expressed in SOL (MHC-IIA, 50.75% ± 4.03, p < 0.01), followed by MHC-I that was around 42.20% ± 3.70 (p < 0.01) ( Fig. 1B) . Similarly, MHC-IIA was the most expressed isoform in GR (MHC-IIA, 40.25% ± 6.55, p < 0.01), while no difference was detected among all other isoforms (MHC-IA, 18.6% ± 4.39; MHC-IIX, 6.75% ± 2.75; MHC-IIB, 15.8% ± 3.35, p > 0.05). MHC-IIB was the unique isoform detected in GW (MyHC-IIB, ≈100%) ( Fig. 1B) .
In term of gene expression, qRT-PCR analysis highlighted that the MyHC-I and MyHC-IIA isoforms were more expressed in SOL compared to all other tissues (MyHC-I, 2953 ± 571; MyHC-IIA, 2077 ± 846, p < 0.01), while MyHC-IIX isoform was significantly higher in SOL (Fig. 1C ).
HSPB5 protein modulation by exercise depends upon fiber composition and correlate to pro-oxidizing environment
The effects of acute exercise on HSPB5, p-HSPB5 and specific oxidative stress markers are shown in Fig. 2 . The Western blot analysis in the specific posterior group of hindlimb muscle (i.e. gastrocnemius red and white, and soleus) did not reveal any significant difference in total HSPB5 protein either between the CTRL and EX groups or within the EX groups at different time points ( Fig. 2A-D) . However, there was an appreciable difference in the basal levels of HSPB5 and p-HSPB5 between muscles. In particular, we found that HSPB5 was significantly more expressed in GR and SOL than in GW (p < 0.05) ( Supplementary  Fig. 2D ). Similarly, at basal level p-HSPB5 was more expressed in GR and SOL rather than in GW (p < 0.05). No differences were detected between GR and SOL either for HSPB5 or for its phosphorylated form ( Supplementary Fig. 2D ). It should be noted that the analysis of HSPB5 content using immunofluorescence approach revealed a different result. In particular, we detected an increase of reactivity for anti-HSPB5 immediately after endurance exercise ( Supplementary Fig. 3) .
Acute exercise induced a marked and rapid serine 59 phosphorylation of HSPB5 exclusively in the GR and SOL. Indeed, the content of p-HSPB5 was increased significantly already at the end of exercise up to 30 min post exercise (p < 0.05) ( Fig. 2A and C) . At 120 min of recovery, the p-HSPB5 levels were similar to CTRL group (p > 0.05). No significant induction of the phosphorylated form of this sHSP was observed in the GW (p > 0.05) (Fig. 2B) . The increase of p-HSPB5 was paralleled by the increase in the levels of 4-HNE and carbonyl proteins in GR and SOL at 15 and 30 min of recovery ( Fig. 2A-C) , whereas no change was observed in GW (p > 0.05). At 120 min of recovery, the level of both oxidative stress markers was returned back to values exhibited by CTRL group (p > 0.05).
No changes were observed for apoptotic markers (i.e. Bax, Bcl-2 and caspase 3) (p > 0.05) ( Supplementary Fig. 1 ), HSPA1A, NFκB-p65 and its phosphorylated form ( Supplementary Figs. 1 and 2 ).
Effect of exercise on localization of p-HSPB5 within mouse skeletal muscle components
In whole gastrocnemius (GS), the detection of p-HSPB5 by immunofluorescence showed a mosaic staining patterns with differences in staining intensity between muscle fibers (Fig. 2D ). Although the signal was almost undetectable in CTRL mice, p-HSPB5 was mostly expressed in MyHC-I and MHC-IIA fibers compared with MHC-IIX and MHC-IIB (p < 0.01). Immediately after exercise, MHC-IIA fibers were the isotype more reactive to anti-phospho-HSPB5 with respect to all other fast twitch oxidative and glycolytic isotypes, including MyHC-IIX and MHC-IIB (p < 0.01). Already after 15 min of recovery, the crosssections showed a significantly higher staining intensity for p-HSPB5 in MHC-I and MHC-IIA/X (p < 0.01). There was no specific staining in MHC-IIB fibers using p-HSPB5 antibody (p > 0.05). Therefore, these results suggest a preferential response of slow-and fast-twitch oxidative fibers compared with type IIB glycolytic ones.
To explore the interaction between HSPB5 and specific cytoskeletal element, co-immunoprecipitates from GR of CTRL and exercised (0′) mice using anti-HSPB5 antibody were further probed with anti-p-HSPB5 and anti-β-actin. As expected, both p-HSPB5 and β-actin were detected in the immunoprecipitated proteins. In particular, there was ≈2.2 increase of p-HSPB5 and ≈1.4 fold increase of β-actin in GR immediately after the single bout of exercise ( Fig. 2E ).
Modulation of HSPB5 in C2C12 myotubes exposed to reactive oxygen species
Differentiation of C2C12 cells was confirmed by their morphological changes as well as the expression of specific adult MyHC isoforms (type I, IIA, IIX and IIB) [36] (Fig. 3A-C) . Importantly, the content in MyHC isoforms in C2C12 cells described here at both protein and the mRNA levels was in agreement with the result reported by previous in vivo and in vitro studies [36, 37] , suggesting that this cell line is a good model to study fast muscles such as extensor digitorum longus, plantaris and gastrocnemius.
In order to understand the role of HSPB5 in skeletal tissue during muscle contraction, we exposed C2C12 myotubes to non-cytotoxic dose of H 2 O 2 being the increase in reactive oxygen species (ROS) an essential but not unique component of the multifactorial stress generated by acute endurance exercise. Preliminary results showed that the exposure of C2C12 myotubes to 500 μM of H 2 O 2 was well tolerated, without induction of apparent morphological modifications (data not shown) and no significant changes in the expression of stress-responsive proteins related to the apoptotic pathway, such, Bax, Bcl-2 and caspase 3 ( Supplementary Fig. 1D ). Irrespective from the recovery time period, the Western Blot analysis showed unchanged levels of total HSPB5 protein after 1 h of H 2 O 2 exposure (p > 0.05) ( Fig. 3D-E) . Differently, it revealed a striking increase in p-HSPB5 already immediately after the treatment (p < 0.01), remaining significantly higher compared with untreated myotubes up to 9 h of recovery (p < 0.05) ( Fig. 3D-E) . As expected, the transcript levels for HSPB5 gene remained unchanged over the different recovery periods (p > 0.05) (Fig. 3F ). In light of these results, 3 h of recovery time was chosen as experimental point to set all next protocols.
Immunostaining analysis of HSPB5 was performed on C2C12 myotubes exposed to ROS and, as shown in Fig. 3G , there was not difference in the level of HSPB5 between control and treated cells, while there was an appreciable increase of p-HSPB5 following H 2 O 2 exposure (Fig. 3H) . No immunoreactivity was observed in cells incubated solely with the respective secondary antibodies (data not shown).
Analysis of cellular pathway related to HSPB5 phosphorylation, localization and functional interaction
Similarly to the features analysed in GR and SOL muscles, the increase in p-HSPB5 induced in C2C12 myotubes by 500 μM of H 2 O 2 was paralleled by a significant increase of 4-HNE (p < 0.01) and carbonylated proteins (p < 0.05), while no modulation was found for HSP1A (p > 0.05) (Fig. 4A ).
Being p38MAPK able to integrate various stress signals, including those induced by ROS, from the cellular environment and conveying these signals to the cytoplasm and nucleus by phosphorylating a variety of substrates, we checked for p38MAPK modulation in muscle tissues from mice at rest and following exercise, but we did not identify any changes of p38MAPK and phospho-p38MAPK (p-p38MAPK) in total GR, GW and SOL protein extracts ( Supplementary Fig. 4) . Similarly, myotubes exposed to H 2 O 2 for 1 h did not show any modulation of both p38MAPK and p-p38MAPK at any recovery point time (Fig. 4B ). However, a pre-treatment of C2C12 with both SB239063 and SB203580, two selective inhibitors of p38MAPK activity, induced a consistent decrease of both p-p38MAPK and p-HSPB5 (Fig. 4C) . Moreover, under the same culture condition, myotubes exposed to pro-oxidant showed an increased content of the downstream target of p-38MAPK, the MAPK-activate protein kinase 2 (p-MAPKAPK2), compared with control cells (p < 0.05) (Fig. 4D) .
The results from the cellular fractionation protocols showed that, after the H 2 O 2 treatment, HSPB5 translocates in the insoluble fraction of C2C12 myotubes, where it appears to be manly phosphorylated (Fig. 5A) . The presence of both p38MAPK inhibitors reduces significantly the amount of HSPB5 phosphorylated, confirming a direct role of p38MAPK in the phosphorylation of HSPB5 under oxidative stress conditions. However, these results were not consistent with phosphorylation causing redistribution of this sHSP between compartments ( Fig. 5B) . A similar result was observed when the cells were exposed to cytochalasin D, a well-known cytoskeletal stressor (Fig. 5C ), suggesting a common modulation of HSPB5 in response to different cellular perturbation impacting the cytoskeletal network.
The silver staining analysis of the proteins extracted by C2C12 myotubes cultured in presence or not of pro-oxidant stimulus (H 2 O 2 ) and co-immunoprecipitated with an anti-HSPB5 antibody showed either the presence of new bands or an increased staining of bands already present in untreated cells (Fig. 5D ). When these proteins were immunoblotted with antibodies targeting selected known and/or putative molecular interactors, we detected the presence of p-HSPB5, βactin, pro-caspase 3, desmin and filamin1, whose relative concentration in the precipitate was differently modulated by H 2 O 2 and/or p38MAPK inhibitors. Differently from β-actin, marginally modulated by the prooxidant environment and by HSPB5 phosphorylation, the interaction between HSPB5 with pro-caspase 3, desmin and the new identified interactor filamin1 resulted enhanced by H 2 O 2 treatment and negatively modulated by p38MAPK inhibitors (Fig. 5E ).
Discussion
The application of molecular biology techniques to exercise biology has proven a better understanding of the multiplicity and complexity of cellular pathways by which exercise training can prevent or ameliorates the progression of many physio-pathological conditions [38] [39] [40] . In the past, several research groups have shown as a regular physical activity can induce a significant enhancement in muscular and functional performance, cardiovascular health, as well as a beneficial anti-aging systemic effect through the modulation of redox homeostasis and/or stress-response proteins [33, 34, [41] [42] [43] [44] [45] [46] [47] .
Considering that muscle HSPB5 is highly modulated by exercise, showing special cytoprotective properties towards damaged and/or stressed cytoskeleton components during ischemia or exercise [15, 48] , we were interested in ascertaining a) the early response of HSPB5 protein in skeletal muscle to an acute bout of non-damaging exercise in relation to fiber-type composition, subcellular localization and substrate interaction and b) the role of HSPB5 phosphorylation and/or prooxidant environment in this response. To this aim, both in vivo exercise protocol and in vitro pro-oxidant environment were designed to avoid cellular damage and the risk of contamination caused by inflammatory processes or sarcomere disruption.
The gastrocnemius was utilized to obtain, from the same muscle, two distinct regions in term of fibers composition: red gastrocnemius, as source of slow-oxidative and fast glycolytic/oxidative, and white gastrocnemius, as source of fast-glycolytic fibers. We also utilized the soleus, a muscle tissue mainly composed by slow oxidative type fibers, which has a similar function of the gastrocnemius and belong to the same muscle group utilized for running, called "Calf muscles". The fiber-type distribution found here in BALB/c mice muscles not only confirmed substantial differences among SOL, GR and GW but it likely suggests a different aerobic capacity/long-duration activity, which decreases orderly from SOL to GR, reaching lowest level in GW [49, 50] .
Skeletal muscle contractions result in an increased generation of ROS that, potentially harmful at high concentration, hold a fundamental role in muscle adaptation to exercise training [51] . Muscle cells have very efficient antioxidant defence systems to buffer the production of ROS [52] , as well as stress response proteins, such as HSPs, to counteract ROS-related modifications to biomolecules [53] . Lipid peroxidation and protein carbonylation, that occurs either by direct interaction with ROS or indirectly through lipid peroxidation, is a particularly susceptible process generating uniquely modified molecules that can be used as "fingerprints" to detect the shift of cell environment towards a pro-oxidant state in different conditions, like physical exercise, aging or diseases [54] [55] [56] [57] [58] .
Considering the differences in fibers composition and in their related metabolic properties [50] , which determine a different aerobic capacity/long-duration activity of the muscle tissues selected [49] , it was not surprising that the analysis of lipid peroxidation and protein carbonylation after acute exercise revealed a significant increase only in SOL and GR, muscles with a consistent percentage of oxidative fiber types. Compared to glycolytic fibers, the higher mitochondrial density and activity of oxidative fibers determine a higher ROS production [59] and a higher susceptibility to ROS-mediated alterations [60] . The lack of any significant change in the NFκB, NFκB (p65) phosphorylation and apoptotic markers following exercise, verified the not damaging feature of the muscle contraction and the cell sustainability of the exercisemediated oxidative stress, possibly occurring below the threshold levels of cellular defence systems, and not sufficient to cause further detrimental effects and cell death [61] . It is well known that the increased ROS production generated by exercise, besides other adaptative response, is also involved in the induction of sHSPs [43, 62] . The biological role of these proteins is mainly to act as "holdase", interacting with partly or completely unfolded proteins in the early phase of stress response and then facilitating their refolding through the "foldase" activity of other HSPs [19] . In this work, we confirm that the basal levels of HSPB5 and its phosphorylated form is different between slow-twitch and in fast-twitch muscle fibers [63] .
Differently from the results obtained by immunoblotting analyses, we detected an increase of reactivity for anti-HSPB5 immediately after endurance exercise when analysing tissue samples by immunofluorescence approach. We hypothesize that the acute exercise might promote the transition of HSPB5 from a low-to a high-affinity status presumably reducing the oligomer size, thus determining a major exposure of epitopes detected by antibody, previously engaged in highorder of oligomers [64, 65] .
There is evidence that, following stresses, a certain portion of HSPB5 pool becomes phosphorylated and correlatively shows an enhanced affinity for the various elements of the cell [66, 67] . The fibertype specific levels of p-HSPB5 in skeletal muscle following endurance exercise represent a novel finding: we showed that phosphorylation levels of this sHSP were significantly increased only in skeletal muscle with a higher amount of type I and IIA/X myofibers. In particular, the level of p-HSPB5 was apparently in proportion with the percentage of type I and IIA/X myofibers contained in slow twitch and mixed muscles (i.e., SOL, GR). In support of the aforementioned data, serial crosssections of the muscles revealed that the phosphorylated form of HSPB5 was significantly elevated after exercise only in type I, IIA, and IIX muscle fiber, while type IIB fibers appeared not specifically positive for p-HSPB5. The quantitative distribution pattern of p-HSPB5 detected by immunohistochemistry was confirmed by means of a quantitative computational analysis performed at individual muscle fiber level. Considering the results on lipid peroxidation and protein carbonylation, we hypothesized that the differential HSPB5 response in different muscle fiber types could reflect differences in the level of oxidation that occurred with exercise. This might involve differences in the rate of production of ROS and/or reactive nitrogen species (RNS) or in the types of ROS and RNS that accumulate during exercise. Moreover, the different susceptibility of various protein isoforms to oxidation by ROS and/or RNS, could also explain the different fiber type-specific HSPB5 responses we observed, since the downstream effects of oxidative stress may act as the signal for a modulation of HSPB5 phosphorylation with exercise [51, 68] . This highly specific response of muscle fiber to acute exercise could help to explain previous finding that show a training adaptation occurred only within GR rather that GW [69, 70] as well as to reinforce the idea that the phosphorylation of HSPB5 in these tissues possibly reflects the level of stress experienced by the muscle.
Considering that the translocation to cytoskeletal components is one of the prime step in the cellular defence system mediated by HSPB5 [71] , we were interested to verify the relevance of protein phosphorylation in HSPB5 translocation from the cytosol to the myofibrillar subcellular fraction, as well as in the interaction with specific substrates. In GR, we found that the increase in the β-actin that co-immunoprecipitated together with HSPB5 after exercise was related to an increase in p-HSPB5. Therefore, a single bout of endurance exercise induced a rapid phosphorylation of HSPB5, likely reduced its oligomer size and increased its affinity for the β-actin and possibly other myofibrillar proteins [65, 72] .
In the past, it has been demonstrated that C2C12 myotubes possess most of the morpho-functional features of contractile muscle cell and, therefore, they are considered a reliable in vitro model to study at molecular level the physiopathology of several skeletal muscle tissues such as Gastrocnemius, EDL and plantaris [36, 73, 74] . In fact, as suggested by others [37, 75, 76] , C2C12 myotubes are not intrinsically committed to form distinct types of fast and slow MHC-expressing myotubes, but they are elongated syncythia with numerous nuclei expressing more than one MHC isoform. In particular, we showed at protein and transcript level that the expression pattern of MHC isoforms includes more than 51% of slow oxidative and fast oxidative-glycolytic isoforms (i.e., IA, IIA/X).
Physical exercise can produce various homeostatic perturbations, including mechanical, thermal and oxidative stress [77] . However, the exposure of cultured myotubes to mild, non-cytotoxic ROS concentration reproduces in vitro one of the main stimuli linked to the process of homeostasis and adaptation induced by the exercise in skeletal muscle [78] and trigger and/or impact many signalling pathways similar to those observed in vivo through exercise. In particular, to verify that the pro-oxidant environment is a key modulator for the HSPB5 response induced by acute endurance exercise in skeletal muscle [43, 51, 62, 79] , we analysed the effect of non-toxic H 2 O 2 concentrations in C2C12 mouse myotubes.
The exposure of C2C12 to hydrogen peroxide in vitro induced a cellular response similar to that induced in GR and SOL muscles by exercise in vivo. Specifically, we found that while HSPB5 levels were not modulated either at protein or at RNA levels, the amount of p-HSPB5 was significantly increased immediately after H 2 O 2 treatment up to 9 h after the end of the treatment. In respect to the signalling pathways mediating this effect, a plethora of studies point to the intermediation of p38MAPK in Ser59 phosphorylation [80] [81] [82] . Indeed, p38MAPK is stimulated by different stressors, such as heat shock or oxidative stress, and is also considered the major kinase involved in sHSPs' signalling pathway. Differently from previous research conducted on proliferating muscle cells [81] , we were unable to verify an oxidative-related increase of p-p38MAPK level in our in vivo and in vitro protocols. Nevertheless, using a mix of two selective pharmacological p38MAPK inhibitors (SB239063 and SB203580), we found that p38MAPK and its downstream substrate MAPKAPK2 could be involved in H 2 O 2 -and, very similarly, in exercise-induced HSPB5 (Ser59) phosphorylation [83, 84] . Although we cannot exclude the involvement of cyclin AMP-dependent/PKA and calcium signalling pathways [85, 86] , we hypothesized that, as already described for HSPB1 [87] , the disturbance of cell homeostasis generated during our experimental conditions could result in 1) a very early p38MAPK activation within exercise protocol or cell treatments and/or 2) the activation of convergent pathways to p38MAPK and/or 3) that basal levels of p-p38MAPK are sufficient to activate the downstream signalling pathways, which results in the phosphorylation of HSPB5.
It has been suggested that serine 59 phosphorylation in HSPB5 shifts the distribution of higher-order oligomers towards smaller species, which have a greater ability to bind specific targets, and thus, an increased chaperone activity [65] . To explore the biological function of the phosphorylated form of HSPB5, we analysed the protein localization using cellular fractionation protocol and then through immunoblotting analysis for a phospho-specific anti-HSPB5 (Ser59) antibody.
The presence of both p38MAPK inhibitors in C2C12 cultures not only reduced significantly the amount of H 2 O 2 -induced p-HSPB5, but also suggested that the HSPB5 phosphorylation occurs in both compartments to a fairly similar degree and that this modification was not consistent with the redistribution of HSPB5 between compartments. Similar results were observed when the microfilament architecture was Fig. 5 . In (A) and (B) C2C12 myotubes were exposed to pro-oxidant and to p38MAPK inhibitors were fractionated into insoluble and soluble protein pools. Solubilized lysates were then separated by SDS-PAGE and analysed for HSPB5 and p-HSPB5 levels. C) Both whole and fractionated pools of proteins were obtained from myotubes exposed to cytochalasin D for 1 h and also followed a period of recovery. Soluble and insoluble fraction were analysed for HSPB5 and p-HSPB5 content. Whole proteins extracted from C2C12 myotubes treated with H 2 O 2 in presence or not of both pharmacological inhibitors of p38MAPK were firstly coimmunoprecipitated for HSPB5 and then both D) visualized on gel staining the proteins with silver nitrate and E) analysed through SDS-PAGE for the indicated antibodies. Unless different indicated, C2C12 cells were treated with H 2 O 2 for 1 h followed from 3 h of recovery. disturbed with cytochalasin D, a molecule able to affect actin polymerization by capping the barbed end of actin filaments. Therefore, it is likely that our experimental condition produces a physiological stress at cytoskeletal level that induces the phosphorylation of HSPB5 and, thereby its enhanced affinity for various elements of the cytoskeleton. It has been described that HSPB5 interacts with proteins involved in apoptotic pathway, such as cytochrome c, Bcl-2 and pro-caspase 3 [66, 67] , as well as to proteins of microtubules, microfilaments and intermediate filaments of cytoskeleton networks such as actin, desmin, titin and tubulin [81] . Following exposure to oxidative stress, we found that HSPB5 co-immunoprecipitated with targets already known such as β-actin, desmin and pro-caspase 3. Further, we show for the first time that HSPB5 co-immunoprecipitated with α-Filamin 1 (Filamin A, FLNA) and that the interaction between these two proteins was modulated by phosphorylation. Filamins are actin-crosslinking proteins consisting of an N-terminal actin binding domain (ABD) followed by 24 immunoglobulin-like repeats [88] and they are involved in a number of cellular processes including cell-matrix adhesion, mechanoprotection and actin remodelling [89, 90] . There are three filamin homologues: filamin A (FLNA), filamin B (FLNB) and C (FLNC). Filamin A and B are both ubiquitously expressed, whereas filamin C is specifically expressed in skeletal and cardiac muscle [88] . In agreement with our finding, the Drosophila HSPB5, known as l(2)efl, has been identified to be required for Z-band pattering and might maintain myofibrillar integrity through interacting with Cheerio, the homolog of human filamin [91] . Moreover, it has been demonstrated that other mammalian sHSP, such as HSPB7, binds to FLNA and FLNC, and translocate from the cytosol to myofibrils during muscle ischemia to maintain normal functioning of skeletal muscle [48] . These results cannot exclude that HSPB5/p-HSPB5 binds to other members of this family proteins, but they highlight as under oxidative stress condition p-HSPB5 might specifically maintain muscle integrity stabilizing the interaction of FLNA. Further studies including pull-down analysis and other proteomic approach are required to define the direct interaction between these proteins as well as the intriguing network of HSPB5′ substrates and clients.
Conclusion
In this study, we provide a new piece of the skeletal muscle response mechanism to a non-damaging acute endurance exercise suggesting also a potential explanation of the process by which HSPB5 could protect structural and functional proteins from contraction-induced oxidative stress. Our findings offer compelling evidences indicating that i) p-HSPB5 is distributed in a fiber-type specific pattern and its increase upon acute aerobic exercise is correlated with increased levels of both lipid peroxidation and protein carbonylation, not related to cell damage or apoptosis activation; ii) HSPB5 phosphorylation under pro-oxidant stimuli is likely depending from an early activation of the p38MAPK pathway, which facilitate in different way the HSPB5′ interaction with functional and structural proteins known to be essential for muscle fiber integrity and survival. In particular, we confirmed the role of HSPB5 phosphorylation in the interaction with pro-caspase 3, desmin, and the protein α-Filamin 1 (Filamin A or FLNA), identified here for the first time as a new HSPB5 substrate. Although the possible role of the phosphorylation on HSPB5 re-localization still remains unresolved, our data reinforce the idea that the phosphorylation of HSPB5 in these tissues possibly reflects the level of stress that the muscle experienced. Indeed, an exercise lasting the same time but at a lower velocity neither changed the antioxidant status nor modulated HSPB5 in skeletal muscles of mice (data not shown).
Given the importance of HSPB5 in many another tissues and by the variety of diseases where the expression of this protein is deregulated, we strongly believe that a deep understanding of the role of HSPB5 during physiological stimuli could be important for future studies to identify new therapeutic strategies based on HSPB5 to prevent or treat most of the pathological conditions where this protein is involved.
